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Abstract 
An effective use of thermal insulation materials can significantly reduce energy consumption in buildings, while a correct use of 
acoustic materials helps to guarantee good acoustic environments indoors and to reduce noise pollution. This work aims at 
determining the thermal and acoustic performance of corrugated cardboard panels usually applied in the packaging industry, by 
means of experimental in-lab analysis of thermal and acoustic properties. In particular, transmission loss and thermal 
conductivity were measured. Results show that the cardboard panels usually applied in packaging industry present promising 
performance in terms of acoustic insulation capability and thermal insulation performance, slightly lower than commonly used 
insulation panels. Further developments of the work will concern the analysis of the life cycle environmental and economic 
impact of the studied systems for building thermal-energy and acoustic performance optimization. 
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1. Introduction 
In Europe 25% of the industrial production is due to the construction sector which environmentally speaking 
accounts for 42% of the overall energy used in the continent and about 30% of carbon dioxide emissions [1]. For this 
reason the European Directive 2010/31/EU [2] requests to reach nearly zero energy buildings by the year 2020, thus 
recognizing that green building strategies can be extremely efficient in fossil fuel savings and greenhouse gas 
reduction. Thermal insulation is acknowledged as one of the most effective way to ensure energy savings, but a 
competitive insulation material should not only fulfil good thermal performances, but also present good acoustic 
characteristics in terms of sound insulation and a low environmental impact and cost production [3-4]. In this 
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context, the increasing attention that recently has been focused on sustainable and natural materials is easily 
understandable. Researches that enhance recyclability and develop eco-friendly materials as alternatives to many 
currently used ones are very up-to-date, especially in order to minimize the use of non-sustainable or harmful 
materials, e.g. mineral wools, which have good performances and low cost but, when inhaled, their fibers can 
accumulate in the lungs and can cause skin irritation [5]. 
In this panorama, natural fibres have gathered increasing attention because of their internal structure, which can 
generally guarantee high porosity. Among these fibres, cellulose is the most representative biopolymer and it is 
widely used for producing paper and cardboard. Therefore, different insulation materials with cellulose as the main 
raw material have been recently developed [6]. An insulation material made from waste newspapers and magazines 
with heat insulation and sound absorbing properties was also developed by Jun-Oh Yeon et al. [7]. Physical and 
mechanical properties of cardboard panels made from used beverage carton with veneer overlay were examined by 
Nadir Ayrilmis et al. [8]. The simultaneous heat and mass transport in paper sheets during moisture sorption from 
humid air was evaluated by Foss et al. [9]. Within this context, the main purpose of this work is to investigate the 
thermal and acoustic properties of corrugated cardboard panels, made of waste paper, usually applied in the 
packaging industry, and completely recyclable in their turn. The absence of any raw material in the panel 
manufacturing leads to promising performance in terms of life cycle environmental impact (cradle to gate approach) 
, as demonstrated be the life cycle studies performed in [10]. Furthermore, the characteristic internal geometry of the 
panels can guarantee a very low density with respect to packed cardboard panels, and a reliable resistance to be 
compact and self-supporting. Nevertheless, the presence of still air inside the flutes and the stiffness guaranteed by 
the internal structure allow to reach promising thermal and acoustic performance.  
2. Materials and methods 
2.1. Description of the cardboard panels 
The investigated panels were prepared by overlapping a variable number of single (double-faced) boards, 
consisting of two facings (liners), adhered to one inner fluted medium which can have different standardized height. 
Two types of flutes (C-flute and E-flute), respectively 4.1 and 1.9 mm thick , were considered (Fig. 1). The unique 
geometry of the cardboard allowed to investigate the behavior of different samples prepared by changing the total 
thickness of the panel, the relative orientation of the single boards, and the thickness of the flute. In particular for the 
sound absorption analysis, panels made by overlapping 18, 22, and 26 C-flutes, for a total thickness of 76, 95 and 
112 mm, respectively, were tested. Additionally panels made by overlapping 40, 46 and 52 E-flutes, for a total 
thickness of 76, 87 and 99 mm, respectively, were considered for comparative purpose. For the sound insulation 
properties, panels made by overlapping 8, 12, and 16 C-flutes, for a total thickness of 33, 50 and 67 mm, 
respectively, and panels made by overlapping 20, 26 and 32 E flutes, for a total thickness of 39, 51 and 64 mm, 
respectively, were considered. 
Fig. 1. Samples and experimental facilities: (a) E-flute; (b) C-flute; (c, d, e, f) Concordant, orthogonal 1×1 and 2×2, and sandwich (4E-10C-4E) 
samples; (g, h) Kundt’s tube and hot plate apparatus. 
All of these panels were investigated with both a concordant, i.e. parallel, orientation of all the layers and by 
rotating one and two layers at a time by 90°. Two other kinds of panels were also prepared and investigated by 
mixing C and E-flutes in six sandwich configurations. The first kind of panel was composed by considering an 
internal fixed layer of 10 flutes and two external layers of a variable number of E flutes (2, 4, and 6, with a total 
thickness of 51, 60, and 68 mm, respectively). The latter one was prepared with fixing the external layers 
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configuration at 5 C-flutes per side, and with varying the internal E-flutes number from 4, to 8 and finally 12, for a 
total thickness of 51, 59 and 68 mm respectively. As for the thermal analysis, panels of a total thickness of 50 and 
75 mm made by overlapping 12 and 18 C-flutes, 26 and 40 E-flutes were considered with a concordant orientation 
of the flutes. Furthermore, one sample with an orthogonal orientation of 18 C-flutes, and one sandwich 
configuration (6E-10C-6E flutes) were tested, for a total thickness of 50 and 68 mm, respectively. 
For the thermal measurements, the samples had a plant dimension of 500×500mm, while for the acoustic tests, 
cylindrical samples with diameter of 100mm were prepared. 
2.2. Description of the methodology 
For the acoustic characterization of the samples, both sound absorption and sound insulation properties were 
investigated in an impedance tube, measuring the  normal incidence absorption coefficient (α) and  the Transmission 
Loss (TL) of the panels. The first one indicates the part of acoustical energy of the incident wave that is not 
absorbed by the tested sample and it is experimentally determined, according to the ISO 10534-2 standard [11], by 
measuring the sound pressures in two fixed positions. Then the transfer function between them is defined, allowing 
to obtain the reflection coefficient of the sample and its absorption coefficient [12]. Transmission Loss on the other 
hand, is a key factor for the quantification of the insulation properties of acoustical materials. It is related to the 
sound transmission coefficient (τ) by the law presented in equation (1): 
)1log(10 W TL    (1) 
It is measured by means of the ‘two-load’ transfer function method improved by Pispola et al. [13], acquiring the 
sound pressure in four fixed microphone positions and repeating the measurements with two configurations of the 
termination, anechoic and rigid. 
The thermal characterization of the samples is carried out by defining their thermal conductivity (λ) in 
monodimensional heat flux conditions, thus considering the simplified version of the Fourier’s law (2): 
TAd ' )(OI    (2) 
where Φ is the heat quantity transferred through the total area of the sample A, d is the total thickness of the material  
and ΔT is the temperature difference in the specific direction considered. The thermal conductivity is thus 
determined from the heat flow rate at steady state conditions and the temperature difference between the hot and 
cold surfaces of the samples, according to the ISO 8302 [14], UNI EN 12664 [15] and UNI EN 12667 [16] 
standards. Finally a numerical validation of the obtained value is reached applying the UNI EN ISO 10077-2 [17]. 
3. Experimental campaign 
3.1. Acoustic characterization 
The acoustic characterization in terms of absorption coefficient and Transmission Loss was carried out with an 
impedance tube (Brüel & Kjӕr, model 4260), using a two (α) and a four microphones method (TL) respectively. For 
the absorption coefficient measurements several steps were performed. First of all, the environmental parameters of 
the room i.e. atmospheric pressure, air temperature, and relative humidity, were defined. Microphones calibration 
was accomplished. Then, after the sample positioning, the evaluation of the signal-to-noise ratio was made and 
finally the transfer function calibration for the channels phase displacements was evaluated. The measurements of 
the Transmission Loss were carried out with the two-load method, which consisted of these main steps: first of all, 
as for the absorption measurement the environmental settings were defined and the microphones were calibrated. 
Then the background noise calibration measurement was performed with an anechoic and a rigid termination of the 
tube. Finally, after the insertion of the sample, signal measurements were done with again the anechoic and the 
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empty end of the tube as before. All the measures to determine the absorption coefficient and the Transmission Loss 
were carried out using the large tube (sample diameter 100 mm) in order to cover the range of frequencies between 
50 and 1600 Hz for all the considered samples. 
3.2. Thermal characterization 
The thermal characterization was carried out by means of a guarded hot plate facility which required a single 
sample in the form of a square slab with size 500×500 mm. The apparatus was constituted by: 
 a main heater split into a square element of 250×250 mm (the central heater), supplied with an assigned power 
rate, and a frame element with a total thickness of 125 mm (the guard heater), kept at the same temperature of 
the previous one by a closed-loop control system, and both realized in aluminum with a thickness of 30 mm and 
internally heated by heating cartridges  supplied with direct current; 
 a second guarded hot plate placed beneath the main heater and sandwiched between two panels of an insulator 
40 mm thick (of 500×500 mm plan dimension), also kept at the same temperature of the main heater as to 
prevent a downward heat flux; 
 a cooling system (cold plate) (500×500 mm), constituted by a stainless steel container with an internal spiral 
circuit in which a liquid refrigerator (water) can flow; 
 a chiller to chill the liquid; 
 an acquisition and control system and a software developed in a LabView environment for both temperature 
regulation and data acquisition. 
The temperature monitoring was carried out by means of 26 screened thermocouples J-type placed inside the 
apparatus, which can be divided in two kinds of sensors: 16 thermocouples were addressed in monitoring the 
thermal balance between the measure zone and the guard zone, while 10 thermocouples were used to detect the 
average temperatures in the cold and hot sides of the sample. During the measurements a fixed heat rate was 
delivered by the electric heater at the bottom of the apparatus, producing a heat flow through the sample towards the 
upper plate chilled by the liquid cooling system. Once the steady state conditions were reached, the power supplied 
to the measure zone and the average temperature gradient between the two sides of the sample were acquired 
respectively every 100 ms and 5 s. 
4. Analysis of the results 
4.1. Results of the  acoustic analysis 
As expected, all the samples tested do not present a particularly interesting sound absorption behavior because of 
the inner structure of the cardboard (closed channels between the flutes) and the excessive flow resistivity ensured 
by the paper liners of the single cardboard layer. On the other hand, all the samples exhibit interesting properties in 
terms of acoustic insulation (fig. 2). Considering the samples constituted by the only C-flutes, in all the investigated 
configurations (concordant, orthogonal 1×1, and orthogonal 2×2 orientation), it is possible to notice a general 
increasing value of TL as the thickness of the samples grows. Furthermore, the orientation itself clearly produces 
significant changes in its trend. In fact, in the concordantly orientated samples a significantly better insulation 
behavior is detected in the range between 100 and 600 Hz (peak of 70 dB of TL at 400 Hz, for the maximum 
thickness analyzed of 66 mm). For higher frequencies the insulation behavior steadies at lower values. In both the 
orthogonal 1×1 and 2×2 configurations (having a consistent trend of TL), a significant improvement on the TL is 
reached in the range 800÷1600 Hz, and a peak of 80 dB is reached at 1400 Hz, for the thickness of 66 mm in the 
1×1 configuration. 
This sensible change in the insulation properties of the samples can be explained noticing that the single 
concordant panels, when impinged by a sound wave, tend to oscillate simultaneously while in the orthogonal 
configuration the flutes of two subsequent layers creating a 90° angle creates a stiffer system. If the E-flute samples 
are considered, it is also possible to appreciate the increase of TL together with their thickness, but the significant 
difference between the concordant and the orthogonal configurations is not that important as on the previous case. 
This is probably imputable to the geometry of the single panel: the rigidity of the single E-flute is much higher than 
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that of the C-flute. Therefore the change on the reciprocal orientation does not affect appreciably the system. By 
comparing the same configuration of panels made by C or E-flute layers, in general, the E-flute panels present a 
better behavior at frequencies 900÷1600 Hz than the C-flute panels, especially in the concordant orientated samples.  
The last analyzed configuration is the sandwich one described as follows. All the sandwich configurations were 
prepared by considering the only parallel flutes’ layers. The large number of C-flutes does not allow the system to 
reach a significant rigidity, and its behavior is comparable to that of the concordant C-flutes samples, even though a 
general slight increase of the TL level is detectable because of the presence of the E-flutes. 
The obtained results allow to make useful comparisons between the three tested configurations. However future 
development of the research will also focus on testing larger samples in reverberation rooms in order to define 
significant comparisons with other common sound insulation materials.  
 
 
 
 
 
 
 
 
Fig. 2.Transmission Loss of the three different configurations considered for the C-flute and E-flute samples with a total thickness of 66 mm. 
4.2. Results of the  thermal analysis  
Thermal analyses were all conducted at a temperature around 23°C and 30% of RH. C-flute concordant samples 
of 50 and 75 mm show a thermal conductivity of 0.053 W/mK with an error of 0.001 W/mK. E-flute concordant 
samples present slightly different λ, both within their maximum permissible error i.e. 0.058 ± 0.001 and 0.060 ± 
0.001 W/mK, for 50 and 75 mm, respectively (Table 1). Therefore, it is noteworthy that the two values of thermal 
conductivity for the E and C-flute are close to each other, considering the significant difference in the percentage of 
cardboard volume between the two flutes (24% for the C-flute and 55% for the E-flute) and that the thermal 
conductivity value of the cardboard is significantly greater than that of the air cavity (one order of magnitude more). 
To investigate the heat exchanges in the cardboard, the effect of conductive and radiative phenomena inside the air 
cavities (according to the UNI EN ISO 10077-2 [17]) was studied. An equivalent thermal conductivity of air, of 
0.034 W/mK for the C-flute and of 0.028 W/mK for the E-flute was defined. This values denote that the larger 
dimension of air cavities inside the C-flute panels, probably allows the development of much significant convective 
flows within these layers, with respect to the E-flute’s ones. This phenomenon explains why their λ is still 
comparable despite the different quantity of cardboard exists between the two flutes. By considering the effect of 
flute mutual orientation, the hot plate apparatus shows that the conductivity of the sample constituted by 18 
orthogonal C-flutes, does not change significantly with respect to that of the concordant one i.e. 0.052 ± 0.001, since 
the experimental facility allows to investigate the only horizontal thermal flux perpendicular to the panel. The tested 
sandwich configuration, as expected, has an intermediate value of λ i.e. 0.055 ± 0.001. 
Tab 1.Experimentally measured values of λ for the investigated samples (s= thickness, w = weight) 
 
 
 
5. Conclusions and future developments 
In this work, innovative, thermal-acoustic insulation panels made by promising corrugated cardboard were 
experimentally studied. In particular, cardboard layers typically used in packaging industry were optimized in terms 
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of geometry and stratigraphy design to be ready for sustainable constructions’ market. The acoustic analysis showed 
that, even though the absorption behavior of the investigated panels is not particularly notable, their sound insulation 
properties are  quite remarkable, reaching even a TL of 80 dB at specific frequencies, i.e. higher than 1200 Hz. The 
thermal conductivity analysis showed that these panels do not reach the thermal insulation capability of high-
performance commercialized products. Nevertheless, the thermal conductivity value achieves 0.0524 W/mK, and it 
can still be considered as acceptable to be considered as thermal insulation panels. Furthermore, the mechanical 
properties of the corrugated cardboard panels, together with the obtained sound and thermal insulation ones, make 
them suitable to be used as light insulation solutions in the building sector, especially in internal partitions. Their use 
can also be extended to open space’s acoustic control and temporary exhibition areas.  
As a future development of this work, full-scale panel integrated within a real wall stratigraphy will be tested by 
means of an hot box apparatus [18] to assess thermal conductivity and in reverberation rooms to evaluate sound 
reduction index. Furthermore, it could be interesting to develop a virtual reference model that enables to take into 
account all the possible configurations and to predict their specific insulation properties. Lastly, the Life Cycle 
Assessment and economic evaluation of the proposed panels will be carried out using data provided by the 
manufacturer to properly define the environmental impact and the economic performance of the cardboard panels as 
thermal-acoustic insulation materials for the construction industry. 
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